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[1] Hematite is a frequently used mineral in paleomagnetic and environmental magnetic studies. Just below
room temperature, it undergoes a magnetic phase transition, the Morin transition, whose nature is an
important part of our basic understanding of hematite’s magnetism and magnetic memory. We have
determined the temperature 7y; of the Morin transition from saturation remanence warming curves to be
250-261 K for 0.5-6 mm hematite natural single crystals, 257-260 K for 45—-600 pm sieved crystal
fractions, and 241-256 K for submicron synthetic hematites with grain sizes between 120 and 520 nm.
The variation must be due to differences in crystal morphology, lattice strain, and crystal defects common
in both synthetic and natural crystals. Our results are compatible with published data for 100 nm to 10 mm
hematites and show that T\, is nearly size independent, decreasing very gradually as particle size decreases
over this broad range, which includes both multidomain (MD) and single-domain (SD) structures.
However, Ty decreases sharply between 90 and 30 nm. Below 20 nm, the transition disappears entirely as
near-surface spins deviate strongly from the antiferromagnetic easy axis. Our SD and MD hematites
exhibit a thermal hysteresis in the Morin transition: the values of 7} in cooling and in heating are different.
For the same cooling/warming rate, ATy, is much greater for submicron hematites than for larger crystals.
We attribute the lag in the transition in both cooling and heating to crystal imperfections and resulting
internal stresses, and speculate that defects may serve to pin and stabilize surface spins. Preventing spin
rotation in a region large enough to trigger the phase transition would inhibit destabilization of the weakly
ferromagnetic phase in cooling and the antiferromagnetic phase in heating. The wide distribution of
particle sizes in our submicron samples may also play a role.
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1. Introduction

[2] Hematite has a magnetic phase transition, the
Morin [1950] transition, at Ty ~ 250 K. Below
Twm, spins lie along the trigonal or c¢ axis of the
rhombohedral lattice, equal numbers in either ori-
entation. This antiferromagnetic (AF) structure
changes to weakly ferromagnetic (WF) on heating
through Ty, as spins flop 90° to the basal ¢ plane,
within which they are canted out of exact antipar-
allelism by a fraction of a degree. The ¢ axis and
basal plane spin orientations were first demonstrated
by Shull et al. [1951] in an early neutron diffrac-
tion study. Spin flopping arises from the compe-
tition between dipolar (Kyp < 0) and single-ion
(Ks; > 0) anisotropies. Kg; dominates at low
temperature and the spins lie along the trigonal
axis. As temperature 7 rises, Kg; falls more
rapidly than Kyp, which favors basal plane spin
alignment, and a spin flop transition occurs at 7y;.
Magnetic field, pressure, particle size, and lattice
strain originating in crystal defects all affect the
balance between Kyp and Kg; and shift 7.

[3] The earliest [Morin, 1950] and still the com-
monest way of studying the Morin transition is
using susceptibility and remanence measurements.
Morin reported that the transition was suppressed
by the addition of 1% Ti to the lattice. Haigh
[1957a, 1957b] studied pure and Ti- and Al-sub-
stituted hematites using an astatic magnetometer
and discovered the memory effect, a partial recov-
ery of remanence in thermal cycles across Ty.
Muench et al. [1985] used a vibrating-sample
magnetometer to study the transition as a function
of grain size and applied magnetic field in synthetic
submicron hematites. Zysler et al. [2003], using a
SQUID magnetometer, found that both 7, and the
spin flop transition field increase with increasing
crystallite size in acicular hematite nanoparticles.
SQUIDs permit higher resolution measurements of
hematite’s weak canted ferromagnetism and are
now in general use in the rock magnetic commu-
nity [de Boer et al., 2001].

[4] Torque magnetometer data determine hema-
tite’s anisotropy constants. Flanders and Schuele
[1964] reported a weak triaxial anisotropy in the
basal plane of natural hematite crystals with an-
isotropy constants of 7—188 ergs/cm®. Using a
similar magnetometer, Flanders [1969] deduced a
three-step process for rotation of spins from [111],
the AF c axis, into (111), the WF plane, as H, and/
or T increase. The rotation starts with a smooth
change in 0, increasing in rate for higher 7; this is
followed by an abrupt jump; finally as 0
approaches 90°, there is a smaller, more gradual
jump.

[s] Mdossbauer spectroscopy (MS) has frequently
been used to study the Morin transition, magnetic
structure, and superparamagnetism (SP) in hema-
tite [Kiindig et al., 1966; Schroeer and Nininger,
1967; Donbaev et al., 1993; Dang et al., 1998;
Vandenberghe et al., 2001]. Ruskov et al. [1976]
examined single crystals and polycrystalline sam-
ples, with and without an external magnetic field in
the basal plane, and concluded that spin rotation at
the Morin transition takes place with a jump.
Nininger and Schroeer [1978], measuring MS of
microcrystalline (5—75 nm) and reference bulk
hematites at the Morin transition, were able to
resolve the spectra of coexisting WF and AF
phases. The transition in bulk hematite occurred
over <0.4 K. In microcrystals, Ty, decreased line-
arly with expanding lattice, in agreement with the
increase of 7y under external pressure.

[¢] After shock loading at pressures from 8 to 27
Gpa, MS revealed drastically altered behavior
[Williamson et al., 1986]. Many Fe sites no longer
exhibited a transition and those that did had re-
duced T\ and increased thermal hysteresis. The
Maossbauer quadrupole splitting indicated <90°
spin rotation at 7y, for the higher pressures. The
observed effects are due to reduced crystallite size
and/or residual strain associated with high defect
densities.

[7] Using MS, Sorescu et al. [1999] detected
variable amounts, depending on particle morphol-
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ogy, of WF hematite coexisting with the AF phase
below T = 230 K. Badker et al. [2000] found that
16 nm nanoparticles are WF at least down to 5 K,
with spontaneous magnetization slightly higher
than that of bulk polycrystalline (>3 pm crystals)
hematite. They distinguished two different modes
of SP relaxation of the WF phase. The first,
rotation of sublattice magnetization directions in
the basal plane, gives rise to SP behavior in MS.
The other, involving fluctuations of the net mag-
netization vector out of the basal plane, mainly
affects magnetization measurements. Finally,
Frandsen and Morup [2005] found that for ag-
glomerated particles, interparticle interactions can
rotate the sublattice magnetizations up to 15° out of
plane, depending on particle size.

[8] Spin arrangements near 7,; can be obtained
using neutron diffraction. Shull et al. [1951] estab-
lished that the magnetic moments lie in (111)
above Ty, and along [111] below T\;. Morrish et
al. [1963] measured a residual (111) intensity
below Ty, which they attributed to a 10° tilt of
the spins away from the c axis. Nathans et al.
[1964] and Honigschmid and Will [1979] also
detected a small basal plane or WF component
below Ty

[v] Neutron scattering is sensitive to magnetic
relaxation processes with characteristic times of
107"°-107'" s and is therefore very useful in
studying relaxation in nanoparticles [Hansen et
al., 1997; Klausen et al., 2003; Kuhn et al.,
20006]. Frandsen et al., [2005] studied chains of
5—10 nm hematite nanoparticles attached along a
common [001] axis. Neutron diffraction studies on
two- to five-particle chains show both structural
and magnetic correlations across interfaces along
the [001] direction, evidence of exchange coupling
between particles. An exchange-coupled chain
behaves as a single particle; in particular, SP
relaxation is suppressed.

[10] Neutron diffraction topography [Baruchel et al.,
1987] indicates that the Morin transition takes place
through a succession of abrupt transitions of regions
of the sample and gives images of these regions,
which may be related to crystal imperfections.

[11] Parpia et al. [1987] used synchrotron radia-
tion topography to investigate the Morin transition
in flux-grown crystals. Domain boundaries were
revealed in the topographs of some crystals at
temperatures as low as 77 K, much below Ty.
WF and AF phases coexisted over a wide temper-
ature range and T\ itself varied greatly with

specimen perfection. Schetinkin et al. [2003] also
observed WF and AF phase coexistence in single-
crystal hematite during spin reorientation at the
Morin transition. The WF-AF phase boundaries
moved while remaining nearly parallel to (111).
Nucleation of the WF phase and pinning of inter-
phase boundaries on defects in the crystal were
also observed, confirming observations made by
Gallon [1968] in the region of the Morin transition
using Bitter colloid patterns.

[12] Acoustic methods involving compressional
and shear waves are another way to study the
Morin transition. When an elastic wave propagates
through a magnetic material, the alternating elastic
deformations drive magnetostrictive oscillations of
the domain walls. Frictional forces damp the do-
main wall motion, causing the sound wave to lose
energy. Shapira [1969] observed a sharp peak in
attenuation at 7y = 260.6 K for a pure natural
single crystal of Brazilian hematite. He also ob-
served anomalies in attenuation near the transition
in fields parallel and perpendicular to the trigonal
axis and used these to determine the critical fields
Hey = 160.8 = 2 kG and He = 68.2 + 0.7 kG
required for spin flopping. Liebermann and
Banerjee [1971] likewise reported large increases
in attenuation and decreases in velocities of
ultrasonic waves in hematite caused by magnetoe-
lastic domain wall-stress interaction.

[13] Magnetooptical effect [Le Gall et al., 1977],
differential thermal analysis [Gallagher and
Gyorgy, 1969], and magnetic resonance [Anderson
et al., 1954] are other techniques used to study the
Morin transition.

[14] In the present paper, we use magnetization
measured by a SQUID magnetometer in the course
of zero-field thermal cycling of saturation isother-
mal remanent magnetization (SIRM) to determine
the Morin transition temperature 7. We report Ty,
in both warming and cooling as a function of grain
size and applied magnetic field.

2. Sample Characterization

[15] We used three sets of synthetic submicron
hematites with sizes in the single-domain (SD)
range [Ozdemir and Dunlop, 2002]. The first set
was prepared by heating cube-shaped magnetite
crystals at 700°C in air for 18 h. Their average
grain sizes range between 0.12 and 0.23 pm. The
second set consists of Pfizer™ hematite powders
heated in air for 5 h at 500°C to oxidize any
magnetic impurities. Median particle sizes after
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Figure 1. Room temperature °'Fe Mdssbauer spec-
trum (transmission expressed in linear-scale ~ ray
counts versus Doppler velocity) of one of the Brazilian
hematite samples. Fitting of the spectrum was carried
out using a single standard hematite component [Murad
and Cashion, 2004]. There is no other Fe phase present.
The hyperfine parameters also match those of stoichio-
metric hematite (see text).

heat treatment were 0.14—0.42 pm. The third set
was obtained by heating Pfizer™ magnetite,
maghemite, and lepidocrocite at 700°C for 19 h.
The heated magnetites and maghemites have
rounded forms with average sizes from 0.35 to
0.45 pm. The heated lepidocrocite produced acic-
ular particles of average diameter 0.06 pm and
length 0.52 pm. X-ray analysis using a Siemens
D5000 diffractometer with Co Ko radiation gave
well-defined hematite diffraction patterns free of
iron impurities.

[16] We also studied fourteen crystals, basal plane
platelets with (111) faces between 1 mm X 2 mm
and 3.7 mm X 5.5 mm in size and thicknesses of
0.14—1.0 mm, cleaved from natural single crystals
of hematite from Mount Wright, Québec, Canada;
Rio Marina, Elba, Italy; and Bahia, Brazil [Ozdemir
and Dunlop, 2005]. A powder of smaller crystals
from Minas Gerais, Brazil was sieved into seven
fractions: <45 um, 45-63 pum, 63-90 pm, 90—
125 pm, 250-355 pm, 355-500 pm, and 500—
710 pm. All crystals are of multidomain (MD) size.

[17] Scanning electron microscopy (Hitachi S570)
with energy dispersive X-ray microanalysis (EDAX
LZ-5) on representative single crystals from each
location indicated stoichiometric hematite with no
major impurities. High-field thermomagnetic curves
measured with a Princeton Measurements vibrating-
sample magnetometer gave hematite Néel temper-
atures of 680—690°C for SD and 679-696°C for
natural MD hematite crystals.

[18] Mdossbauer spectroscopy was carried out at
room temperature using a constant-acceleration
sg)ectrometer in transmission geometry with a
>’Co/Rh source. Isomer shifts and velocity scale
were calibrated using aFe. The Mdossbauer spec-
trum of one of the Brazilian samples (Figure 1) was
fitted with only one component. The fitted lines
agree with those of standard hematite [Murad and
Cashion, 2004]; no other iron phase is present and
no relaxation indicating fine particle size was seen.
The hyperfine parameters match those of stoichio-
metric hematite: magnetic hyperfine field Byr =
51.8(1) T; quadrupole splitting OS = — 0.21(1)
mm/s; and isomer shift IS = 0.37(1) mm/s. The
value of Byr indicates that the hematite is very well
crystallized, without isomorphic substitution or
structural defects. Negative QS values for spectra
taken above the Morin transition are typical of
canted antiferromagnetism in hematite.

3. Experimental Results

3.1. SIRM Cooling-Warming Cycles

[19] Hematites were given a 2.5-T SIRM at 300 K,
then cooled to 20 K and warmed back to 300 K in
zero field. Magnetization was measured at 5 K (=1
min) intervals with a Quantum Design MPMS-2
SQUID magnetometer (residual field ~10 uT). In
single crystals, SIRM was produced in the (111)
plane. SIRM cooling/warming cycles are useful in
determining the Morin transition temperature 7y
and its thermal hysteresis and also provide infor-
mation about magnetic memory and the “defect
moment” (the WF moment below Ty,).

[20] Typical cooling and warming curves of 300-K
SIRM for submicron SD and natural MD single
crystal samples appear in Figures 2 and 3. SIRM of
an acicular SD hematite decreases continuously
between 300 and 250 K and then largely vanishes
between 250 and 235 K with the disappearance of
spin-canting. We obtain a value Ty = 239 K by
projecting the steepest part of the remanence de-
crease, in this case between the 245 and 240 K data
points, to intersect the projection of the line defined
by the 230—20 K data. This data plateau, the low-
temperature remanence or defect moment surviv-
ing below Ty, is only 2% of the 300-K SIRM. As
the crystal warms from 20 K, the remanence
retraces the cooling curve but the onset of the
Morin transition to the WF state is delayed by
about 10 K: 7y = 249 K in warming.

[21] This thermal hysteresis is not due to temper-
ature lag. The heating rate of ~5 K/min is slow
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Figure 2. Zero-field thermal cycling of room temperature SIRM for a sample containing acicular SD hematite particles.
The Morin transition is quite broad, covering a range of >10 K and occurs at lower temperatures in cooling than in heating
(thermal hysteresis). Extrapolating the tangent of steepest descent/ascent to intersect the projected remanence below Ty
gives estimates of 239 K in cooling and 249 K in warming. Although the remanence of the AF phase below T\, is very
small, about one-third of the initial SIRM is regenerated as memory on warming through the transition.

enough to allow effective thermal equilibration.
Moreover the larger single-crystal sample of Figure
3 has almost no thermal hysteresis: 7y, = 254 K in
cooling and 256 K in warming.

[22] The cooling and warming curves of the SD

that domain structure has little to do with the
remanence loss and recovery (memory) phenome-
na in hematite. The main differences visible in
Figure 3 are that the WF moment scarcely
decreases in cooling from 300 to 270 K and the
WF — AF transformation between 265 and 255 K

and MD samples are remarkably similar, implying

-
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Figure 3. Zero-field thermal cycling of room temperature SIRM produced in the basal plane of a millimeter-size
single crystal of hematite. The Morin transition is much sharper than in Figure 2, covering a range of 5—7 K in both
cooling and heating. Thermal hysteresis ATy, is only 2 K, much less than for most SD samples. Despite the
differences in domain structure and other magnetic properties, the low-temperature AF moment and room
temperature memory of initial SIRM are similar to those of the SD sample of Figure 2.
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Figure 4. A compilation of T}, values (from warming curves) for submicron synthetic hematites (open symbols:
circles, set 1; upright triangles, set 2; inverted triangles, set 3) and natural hematite crystals (solid symbols: circles,
Québec; upright triangles, Rio Marina, Elba; inverted triangles, Bahia and Minas Gerais, Brazil). MD single crystals,
particularly those of common provenance, have narrower ranges of 7, values which are higher on average than those
of SD synthetic hematites. The four SD hematites of set 1 may owe their low Ty values in part to size distributions
extending below 90 nm, a range in which 7y, falls rapidly because of surface effects (cf. Figure 8).

is somewhat sharper than in the SD case. The
reverse transformation on heating is also more
abrupt than in the SD case. Otherwise the SD
and MD results are very comparable. The low-
temperature moment, nominally zero in the AF
phase, is again about 2% of 300-K SIRM. The
remanence recovered at room temperature is 30%
of the original SIRM in Figure 2 and 33% in
Figure 3. This memory phenomenon presumably
originates in coupling between WF nuclei below
Ty and the full spin-canted phase above Ty
[Ozdemir and Dunlop, 2005, 2006].

3.2. Morin Transition Temperature Ty

[23] Our Morin transition temperature data are
summarized in Figure 4. Ty, is quite variable in
both SD and MD hematites. Submicron hematites
have lower Ty; values on average, ranging from
241 to 256 K (values from heating curves). Fine
particle size and associated internal strains lower
the transition temperature [Muench et al., 1985].
The broad range of Ty in synthetic hematites may
also be due to different methods of preparation,
crystal morphology, degree of crystallinity, and
nonmagnetic impurities. Closely related samples
prepared by heating cube-shaped magnetite crys-
tals grown from aqueous solution (open circles in
Figure 4) have T\, values tightly grouped between
241 and 243 K, reflecting their similar defect
densities and purities.

[24] Natural single crystals have higher 7y; on
average; individual values range from 250 to
261 K. T values for Brazilian hematite sieve
fractions are narrowly distributed between 257

and 260 K, reflecting the common origin and
presumably similar defect densities of these plate-
lets. The broader range (10 K) of Ty, for the
Québec and Rio Marina hematites must be due
to greater variation in types and populations of
crystal defects. The commonest crystal imperfec-
tions in hematites are growth and deformational
twins, twin boundaries, line and planar defects,
e.g., screw dislocations, and irregularities such as
misoriented crystals. These defects produce a
stress-strain distribution in the crystal and affect
the balance between the competing dipolar and
single-ion anisotropies that control the Morin tran-
sition temperature.

3.3. Thermal Hysteresis and ATy,

[25] Our SD and MD hematites have variable
amounts of thermal hysteresis, i.e., temperature
lag in the reorientation of spins parallel or perpen-
dicular to the c axis at the Morin transition. SD
samples had particularly sluggish phase transitions
(Figure 5). The WF — AF transformation in cool-
ing occurred 6—18 K below the AF — WF
transformation temperature on warming. For MD
samples, the differences between Ty in cooling and
warming were 1-9 K (Figure 5), most Québec and
Brazilian crystals having ATy < 5 K.

[26] The hysteresis width ATy is clearly much
larger in most submicron hematites than in MD-
size natural crystals. This variation in ATy; may be
related to the wide distribution of particle sizes.
The sieved Brazilian hematites are narrowly sized
and have very small ATy, values of 1-3 K. Most
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Figure 5. A compilation of thermal hysteresis widths AT\, determined as the difference between Ty, values in
heating and cooling. Sample symbols as in Figure 4. AT}, values are much larger for most SD samples than for the

Brazilian and Québec single crystals.

submicron samples, on the other hand, have
broader size distributions after heat treatment. As
well as size distribution, another possible factor
could be defect density. Heat treatment during
sample preparation degrades the crystallinity of
the synthetic hematites, most of which have large
ATy values. However, the samples of set 1, which
originated as hydrothermal (low-stress) magnetites,
have ATy values around 15 K, while about half
the samples from the other two sets have ATy,
values of 10 K or less.

[27] Thermal hysteresis loops were measured in the
(111) plane of a 0.12 x 1.4 x 2 mm Québec single
crystal using a low-temperature microVSM
(Figure 6). Fields ranging from 0.1 T to 1.5 T
were applied during thermal cycling similar to that
illustrated in Figures 2 and 3, except that there was
no initial SIRM. The lowest loop, for H = 0, is
different in that an initial SIRM was produced
before cooling began. Shading is used in the figure
to emphasize the offset between cooling and warm-
ing curves. In Figure 7, the Morin transition
temperatures determined from the cooling and
warming curves, as described in section 3.1, are
plotted as a function of field H. The Morin transi-
tion temperature is field dependent and decreases
with increasing field intensity. However, the ther-
mal hysteresis offset ATy, of the transition, 4 K for
this sample, is independent of the field applied.

4. Discussion

4.1. Size Dependence of Ty,

[28] Literature values for the Morin transition tem-
peratures of a wide variety of synthetic and natural
hematites are compared in Figure 8 with our
(warming) Ty, values. T\ values were obtained
from remanent magnetization, magnetic suscepti-
bility, torque measurements, Mdssbauer spectros-

copy, neutron diffraction, synchrotron radiation,
and ultrasonic absorption data. Our Ty, data for
submicron SD grains and MD single crystals are
generally consistent with values for other synthetic
and natural hematites, despite the heterogeneity of
origins and sample treatments.

[20] The data in Figure 8 follow two trends. In
nanoparticles with sizes from 30 to 100 nm, 7}, is
strongly dependent on particle size. In the broad
range from 100 nm to 10 mm, which includes both
SD and MD structures, Ty is weakly size depen-
dent, on average increasing slightly with increasing
grain size. This size trend is most convincingly
seen in the three data points of Kletetschka and
Wasilewski [2002] in the intermediate size range
close to and above the SD-MD threshold. There are
numerous examples, however, of smaller 7, val-
ues for large MD grains and larger Ty values for
submicron SD grains which run counter to the
general trend.

4.1.1. The 30-100 nm Range

[30] Ty decreases very sharply in nanoparticles
with sizes below 100 nm, dropping to ~190 K
by 30 nm (Figure 8), below which size the Morin
transition disappears [Bando et al., 1965; Klausen
et al., 2003]. Note that 30 nm is close to the room
temperature SP threshold of 27.5 nm for the WF
phase [Banerjee, 1971] at which SD moments
become excited thermally on a timescale of sec-
onds. Badker et al.’s [2000] observation that 16 nm
nanoparticles are WF at least down to 5 K confirms
that no Morin transition is present in these ultrafine
hematites. Presumably, it is the much smaller SP
threshold size on Mdssbauer timescales that makes
this observation possible.

[31] Why does T\ decrease in nanoparticles? As
particle size decreases, surface-to-volume ratio
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Figure 6. Thermal hysteresis exhibited by cycling a Québec single crystal in the presence of fields H of different
strengths applied in the basal plane (no initial SIRM), compared to the hysteresis of the cooling and warming curves
of initial SIRM in zero applied field. Shading has been applied to emphasize the hysteresis but has no physical
significance. The Morin transition is displaced to lower T as H increases but the hysteresis width ATy, remains a

constant 4 K.

increases and surface effects come to dominate the
magnetic properties. Lower lattice symmetry and
broken bonds at the crystal surface give rise to spin
disordering or deviation from antiferromagnetic
alignment. Rotation of sublattice magnetizations
by a215° has been detected by Mdssbauer measure-
ments on 8§-9 nm agglomerated particles

Ty (K)
254
250

246

242
Single crystal

H //(0001)
238 —

[Frandsen and Morup, 2005]. These particles have
no Morin transition and are in the WF state at all
temperatures. In 40 nm spherical hematites with
Tnm = 220 K, Gee et al. [2004] observed that the
spins flop from 90° to 28° (the [110] axis), not 0°
(the [111] axis), in cooling through the Morin
transition. The usual 90° spin flopping is compro-

10 15

H (kOe or 10°7'T)

Figure 7. Linear decrease of the Morin transition temperatures in warming and cooling with increasing applied field
H. Shading has been applied to emphasize the constant hysteresis width ATy
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Figure 8. Values of Ty reported in the literature compared with our data set. The scatter is largely due to the variety
of techniques used, lack of standardization in determining reported values of 7y, ¢.g., warming versus cooling values,
and the heterogeneous nature of the samples examined. Two trends are clear, however. Samples with mean particle
sizes between about 90 and 30 nm have depressed (in some cases greatly depressed) Morin transitions, with Ty,
values from 230 K to as low as 165 K. Samples with mean sizes from 100 nm to 5 mm have hardly any variation in
the Morin transition temperature. Except for some of the finest SD samples which probably include a <100 nm
fraction, Ty, in this broad size range is typically between 250 and 260 K and seems to be an intrinsic material
property, dependent only on the spin sublattices and independent of domain structure.

mised in these much larger particles, suggesting
that surface anisotropy is already seriously upset-
ting the balance between dipolar and single-ion
anisotropies.

4.1.2. The 100 nm to 10 mm Range

[32] The Morin transition temperature is generally
stated to be ~260 K in bulk hematite and to
decrease as particle size is reduced [Flanders,
1969; Shapira, 1969]. Examining the large data

set of Figure 8 makes it clear that values of T}, are
in fact widely dispersed throughout the 100 nm to
10 mm range. MD hematites of mm size have Ty
values ranging from 250 to 260 K, which is greater
than (about double) the decrease in average Ty
between 10 mm and 100 nm. 7}, ranges even more
widely in submicron SD hematites, from 238 K to
260 K. The lowest values, from 238 to 245 K, are
for the finest sizes and may reflect <100 nm
fractions in sample size distributions.
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[33] At least some of the scatter in the data is the
result of factors other than grain size. The first is
thermal hysteresis. Ty is different when the Morin
transition is approached from below (AF state)
rather than above (WF state). The direction of
approach is not always clear in published studies,
nor is the field applied, which also affects the
Morin transition. Our results show that Ty
decreases substantially, by about 10 K, as the
applied field increases from 0 to 1.5 T for both
SD and MD hematites (Figures 6 and 7). For this
reason, our 7Ty, data (Figures 2, 3, 4, and 8) were
determined in zero applied field. Muench et al.
[1985], Amin and Arajs [1987], and Suber et al.
[1998] also reported linear decreases of Ty, with
increasing applied field.

[34] Another factor affecting the Morin transition
temperature is heat treatment [Muench et al., 1985;
Amin and Arajs, 1987; Suber et al., 1998)]. Zysler et
al. [2003] show that T}, increases with increasing
annealing temperature. Using TEM and X-ray
diffraction they observed that thermal treatment
resulted in grain growth which in turn increased
Twm. Heat treatment also anneals out crystal defects
and reduces internal strain, both of which affect the
Morin transition temperature. Even small amounts
of most impurity cations lower Ty; [Morin, 1950;
Haigh, 1957a] and the purity of experimental
samples is often not specified in published studies.
Finally, particle morphology and degree of crystal-
linity can alter both Ty and the sharpness or range
of temperatures over which the transition occurs.

4.2. Thermal Hysteresis ATy

[35] Different values of T in heating and cooling
have been reported by Flanders [1969], Labushkin
et al. [1976], Nininger and Schroeer [1978],
Muench et al. [1985], Viasov et al. [1986],
Williamson et al. [1986], Zysler et al. [2003], Goya
et al. [2005], and Bercoff et al. [2007]. Williamson
et al’s [1986] Mossbauer spectra of hematite
powders shocked at pressures of 8 to 27 GPa
showed an increase in thermal hysteresis from
ATy = 12 K for unshocked powder to ATy =
45 K for the 17-Gpa sample. Increased thermal
hysteresis was attributed to reduced crystallite size
and the large defect density associated with resid-
ual strain following shock.

[36] Vlasov et al. [1986] proposed that crystal
imperfections such as inclusions, dislocations, or
nonstoichiometry can create nucleation centers for
the magnetic phases. A metastable state of the AF
(WF) phase beyond Ty on warming (cooling)

would only be observed in nearly defect-free
crystals where nucleation is difficult. Although this
sounds reasonable, it runs counter to Williamson et
al.’s [1986] observations of greatly increased ATy
values in shocked hematites. It also is not obvi-
ously borne out by our data. In Figure 5, synthetic
hematites that have been heated merely to remove
any unoxidized material have smaller ATy, values
than hematites converted from magnetite, maghe-
mite, or lepidocrocite. These latter hematites logi-
cally should contain more crystal imperfections but
they in fact have larger ATy values.

[371 Goya et al. [2005] observed thermal hysteresis
in both structural and magnetic hyperfine parame-
ters when 200 nm synthetic hematite crosses the
Morin transition during heating or cooling. They
appealed to magnon softening at the particle sur-
face as the trigger for the phase transition. In the
model proposed by Chow and Keffer [1974],
surface magnons soften, depending on the local
surface anisotropy, as the transition is approached
from either below or above. The near-surface spins
rotate and serve as nucleation centers that generate
the transition throughout the entire crystal; the
transition occurs when the free energies of the
AF and WF states are equal.

[38] Chow and Keffer’s [1974] surface regions
consist of 10? to 10’ layers, a small fraction of a
large MD crystal but a large fraction, if not the
entire particle, in 30-90 nm particles. Morrish
[1994] suggests that thermal hysteresis in the
Morin transition is most often observed for small
particles because all or most of the atoms are
effectively “at the surface.” If there are insufficient
numbers of surface atoms to form a viable nucle-
ating layer, the transition will be inhibited in both
cooling and heating. Morrish speculates that thin-
ner surface layers plus regions in the vicinity of
imperfections or impurities may suffice to inhibit
the transition. In this scenario, crystal defects
would have a stabilizing rather than a triggering
effect, which is more in line with the observations
than Viasov et al.’s [1986] model.

5. Conclusions

[39] Observed Morin transition temperatures are
quite variable. Submicron SD hematites have lower
T values, from 241 to 256 K. This broad range of
Tm values is due in part to different methods of
preparation, crystal morphology, crystallinity, and
impurities. The finest samples, 100200 nm in
particle size, have the lowest Ty, values: 241—
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245 K. Their size distributions probably extend
below 90 nm into a range where surface effects
become important and 7y, falls rapidly.

[40] Natural single crystals have higher 7 values
and a narrower range of T values: 250-261 K.
Natural hematites have a variety of crystal imper-
fections such as growth and deformational twins,
twin boundaries, dislocations, and resulting inter-
nal stress which could alter Ty;. The transition
tends to be quite sharp in MD grains and broader
in SD grains.

[41] All our hematites exhibit a thermal hysteresis.
The WF — AF transformation in cooling occurs at a
lower Ty than the AF — WF transformation on
warming. The direction of approach to the transition
should always be specified in reporting 7y;; we have
taken warming values as our standard. The hyster-
esis width ATy, is much greater in most submicron
hematites than in natural MD crystals. Large ATy
values may result from widely distributed particle
sizes. In very fine particles, the transition is thought
to be inhibited by the lack of sufficiently large
layers of rotated surface spins to initiate spin-
flopping in the body of the particle. Lattice defects
could have a similar stabilizing effect if they anchor
extensive regions of surface spins.

[42] A field H applied in the basal plane stabilizes
the WF phase, causing Ty to decrease linearly with
increasing H. For standardized results, 7y, should
be measured in or extrapolated to zero field.
However, the thermal hysteresis width ATy does
not seem to depend on field.
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